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FOREWORD 

This report  i s  an abstract   of  a  f inal   report  (Reference 1) prepared by 
the McDonnell Aircraft  Corporation,  St.  Louis,  Missouri, under NASA contract  
NAS8-11418, “Control  Techniques fo r  Large Launch Vehicles .I1* The  work was 
administered under the  direction  of  the Astrodynamics Division of the Aero- 
Astrodynamics Laboratory  of t h e  George C. Marshall Space Flight Center .  

The study  presented  herein began i n  July 1964 and was concluded i n  
September 1965, and represents  the  efforts of the  Engineering Technology 
Division of McDonnell. The chief  contributors were D r .  John Zaborszky 
(Consultant ), Mr. William J. Luedde  (Group Engineer ), Mr. David F.  Brown 
(Engineer), D r .  Roger L. Berger, and Mr. Kenneth Kessler. The l a t t e r  two 
were w i t h  Washington University,  participating  under  a  subcontract from 
McDonnell. 

* This r epor t ,  McDonne11 Report B897, is ava i l ab le  to qualified NASA requesters 
!.ill I .:,:; : 
George C. Marshall  Space  Flight  Center 
Code MS-IL, Lois M. Robertson 
Technical  Library 
Huntsvi l le ,  Alabama 35812 
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INTRODUCTION 

As launch  vehicle  size  has  increased,  major  control  problems  have  been 
encountered which are l a r g e l y   a t t r i b u t a b l e   t o   p o t e n t i a l   o s c i l l a t o r y   c o n d i t i o n s  
caused by s t r u c t u r a l   e l a s t i c i t y  and fue l   s lo sh .  For large  launch  vehicles,  
the  f requency  character is t ics   of   these phenomena interact  both  with  nominal 
r i g i d  body control  frequencies  and  with one another. An addi t iona l   bu t  
usua l ly  minor control  problem i s  the  fact  tha t   these   vehic les   a re   a l so   aero-  
dynamically  unstable. 

Working under  the  direction  of  the  Astrodynamics and  Guidance  Theory 
Division a t  Marshall  Space  Flight  Center, McDonnell has  performed a study of 
the   app l i ca t ion   o f   d ig i t a l   f i l t e r   t echn iques   t o   t he   con t ro l  problems  of two 
large  launch  vehicles .   In   applying  these  techniques,   the   object ive  is   to  
insure   sys tem  s tab i l i ty  and to   p rovide   des i rab le   response   charac te r i s t ics  
for   these  vehicles ,  whose bending  and  slosh mode frequencies  approach  those 
of   the  control  mode. 

Two separate  and largely  independent sets of  performance  requirements 
l ed  t o  two d i f f e r e n t   d i g i t a l   s o l u t i o n s  which may be  applied  either  indepen- 
den t ly   o r   j o in t ly .  The f i r s t  requirement,  typical  for  launch  vehicles, was 
t o  minimize  the  vehicle   angle   of   a t tack and loads when the  vehicle  i s  sub- 
j ec t ed   t o  w i n d  disturbance  inputs.   (Precise  following  of  the  guidance 
commands i n  t h i s   c a s e  i s  n o t   c r i t i c a l  as long  as   the  total   vehicle   loads 
a re   su f f i c i en t ly   sma l l  and the  terminal  conditions  are  adequately met.) 
A d i g i t a l  polynomial f i l t e r   i n se r t ed   i n   t he   acce le ra t ion   o r   ang le -o f -a t t ack  
feedback  provided a so lu t ion   t o   t h i s  problem. 

The second  requirement was concerned  with  the  abil i ty  of  the  vehicle  to 
precisely  follow  guidance commands assuming  the  vehicle  loads  are  within 
acceptable limits. The d i g i t a l   a d a p t i v e   f i l t e r   a p p l i e d  i n  the  forward  loop 
of  the  vehicle  control  system  provided a so lu t ion .  In addition  to  developing 
d i g i t a l   f i l t e r   s o l u t i o n s   t o   t h e s e  problems, a somewhat nonrelated  technique 
of  linear  system  design was br ie f ly   inves t iga ted .  Known as   "specif icat ion 
s e t , "  it aims to   provide a method of  designing  linear  systems  to  performance 
specifications  without  the  customary  cut-and-try  procedures.  

The complete  results  of  these  studies  are  presented i n  d e t a i l  i n  Refer- 
ence 1. This summary, abs t rac ted  from the  Reference 1 report ,   contains  a 
brief  description  of  the  approaches  used toward solving  the  control  problems 
and dlscusses   the  s ignif icant   resul ts   obtained.  

VEHICLE CONTROL I N  THE PRESENCE  OF WIND DISTURBANCES 

When a large  launch  vehicle  employing  conventional  at t i tude  plus  att i tude- 
r a t e  feedback  passes  through  severe wind p ro f i l e s ,  it may develop an angle  of 
attack  approaching or i n  excess of tha t   e s t ab l i shed  by s t r u c t u r a l  limits. 
Also, engine  deflection limits may be  approached as the  vehicle   a t tempts   to  
maintain i t s  commanded a t t i t u d e .  The s t ruc tu ra l   l oads  and the  engine  deflec- 
t ion   angles   in   the  wind environment may be  reduced by the   use   o f   e i ther  
acceleration  or  angle-of-attack  feedback  in  the  vehicle  control  system. The 



addi t ion of  t h i s  type of  feedback w i l l  cause   the   vehic le   to   tu rn   in to   the  
wind,  reducing  the  structural   loads and  engine  deflection  angles  at   the 
expense  of  an  inaccuracy  in  maintaining  the  desired  vehicle  attitude. This 
form of  control,  as s tudied and  developed  by NASA, employs t h e   " d r i f t  minimum'' 
cont ro l   p r inc ip le   descr ibed   in   Reference  2.  The uncompensated use  of  angle  of 
a t tack  or   accelerat ion  feedback,  however, w i l l  usually  cause a control  system 
i n s t a b i l i t y   t o   o c c u r   a t   t h e  body  bending modes, s ince one o r  more of t h e  
bending mode s igna l  components i s  l i k e l y   t o  be of a destabil izing  phase.   Since 
the  pr incipal   funct ion  of   the  accelerat ion  or   angle  of  attack  feedback i s  t o  
pass   the  gross   var ia t ions  of   windshear  which a r e  low in  frequency compared t o  
body  bending  frequencies, it was cons idered   feas ib le   to   inser t  a low p a s s   f i l t e r  
i n   t h i s   f e e d b a c k   p a t h   t o   s t a b i l i z e   t h e   v e h i c l e  and a t   t h e  same time  respond t o  
the   bas i c  wind inputs .  The performance  of a d i g i t a l  polynomial f i l t e r  was 
s tudied and evaluated, and it was then compared with  the  performance  of a con- 
ven t iona l   l i nea r  low p a s s   f i l t e r .  

The digi ta l   polynomial  f i l t e r  stores  equally  spaced  samples  of  i ts   input 
signal  taken  over some fixed time i n t e r v a l  and f i t s  a low degree  (zero, 
f i r s t ,  or  second)  polynomial  to  these  samples i n  a mean square  sense. It then 
generates an output computed for  the  present  time from t h e  f i t t e d  polynomial. 
Since  the  degree  of  the  polynomial i s  low, i t s  ab i l i t y   t o   fo l low  s igna l s   w i th  
wavelengths of a f r ac t ion  of the time i n t e r v a l  i s  l imi ted .  Hence, higher 
frequencies  are  at tenuated and low p a s s   f i l t e r i n g   r e s u l t s .  The amplitude and 
phase  character is t ics   of  the  zero  order  polynomial  digital  f i l t e r  a r e  shown i n  
Figures 1 and 2. The asymptotes of a f i r s t  o rde r   l i nea r  f i l ter  response  are 
a l s o   p l o t t e d  i n  Figure 1 and a r e  shown to  form an  envelope of t h e   d i g i t a l  
polynomial f i l t e r  amplitude  response. The phase  angles   of   the   digi ta l   poly-  
nomial f i l t e r  shown in  Figure 2 a r e   q u i t e   d i f f e r e n t  from a l i n e a r  f i l t e r ,  
however,  and are i n  general  much larger  than  those  of a f i r s t  order   l inear  
f i l t e r  . 

Summary of Studies  Performed 

To evaluate   the merits, l imi ta t ions ,  and f eas ib i l i t y   o f   t he  d i g i t a l  
polynomial f i l t e r  as  a means of control  while  crossing  atmospheric  areas  of 
severe  windshear, t w o  study  vehicles were rep resen ted   i n   g rea t   de t a i l  by both 
hybrid and pure  digi ta l   s imulat ion,   including as many as   th ree   s losh  modes 
and four body bending modes wi th   the i r   assoc ia ted  cross couplings.   Detail  
descr ipt ion of the  tes t  vehicles  and the  control  system  simulations i s  given 
i n  Reference I*. It i s  suf f ic ien t   to   say   here   tha t   Vehic le  I i s  typ ica l  
of   the   l a tes t   boos te rs  now i n  the  preliminary  phase of  hardware test  of   the i r  
major  components,  and  Vehicle I1 i s  representative  of  boosters being considered 
for the   fu ture .  The s imulat ion  tes ts   of  the  d i g i t a l  polynomial f i l t e r  were 

*In a d d i t i o n   t o  t h e  desc r ip t ion   o f   t he   d ig i t a l  and hybrid  simulations  pre- 
sented i n  Reference (l), the  IBM 7094 d i g i t a l  computer  program l i s t i n g  and 
math flow  are  being  transmitted  to  the  contracting  agency. 
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restricted  to  the  maximum  q  flight  condition  since  this  coincides  with  the 
areas of maximum  windshear.  Several  hundred  simulated runs were  taken  to 
establish  the  quality  of  performance  achieved  by  the  use of the  digital 
polynomial  filter  under  "nominal"  conditions as well  as  the  sensitivity 
of the.  filter  performance  to  the  variables of the  environment. The specific 
areas of study  included: 

(a) Sensitivity  to  general  control  parameters 

(1) Acceleration  (or  angle of attack)  feedback  gain 
(2) Attitude  and  attitude  rate  feedback  gains 
(3) Stabilizing  network  compensation  for  the  bending  and  slosh 

(4) Compensation  for  improvement of steady  state  command  response 
modes 

(b)  Sensitivity to  digital polynomial filter  parameters;  degree of 
polynomial,  sampling  rate,  number of samples 

(c)  Sensitivity  to  variations of booster  parameters  such  as  aerodynamic 
derivatives,  bending  frequencies,  etc. 

(d)  Sensitivity  to  variations  in  the  wind  profile. 

Abstract of Test  Results 

The  performance of study  Vehicles I and I1 subjected  to a synthetic 
wind  profile  disturbance  input  were  investigated  for  two  control  schemes: 
The first  provided  attitude  control  using  attitude  and  attitude  rate  feedbacks; 
and  the  second  provided  drift  minimum  control  using  attitude,  attitude  rate, 
and  acceleration  (or  angle of attack)  feedbacks.  Studies of the  drift  minimum 
control  system  were  made  to  determine  the  effects on the  system  performance 
of the  digital  polynomial  filter,  a  linear low pass  filter,  or no compensation 
at all in  the  acceleration  feedback  path. The configurations of the  control 
systems  studied  are  presented  in  detail  in  Figure 3. The  system  gains  and 
forward loop compensation  shown  in  Figure 3 were  determined  from  the  simula- 
tion  studies  to  give  the  best  compromise  for  the  stability  of  the  body  bending 
and  fuel  slosh  modes  and  the  response of the  vehicle  to  command  and  disturbance 
inputs. 

Figures 4 through 9 present  timt  history  responses  to  a  wind  disturbance 
input of various  parameters  of  study  Vehicle I. These  figures  show  the  vehicle 
response  without  acceleration  feedback (Figures 4 and 5) and  then  with 
acceleration  feedback,  first  without  (Figures 6 and 7) and  then  with  (Figures 
8 and 9 )  the  digital  polynomial  filter.  Figures 10 and 11 show  the  response 
characteristics of study  Vehicle I1 with  the  digital  polynomial  filter 
(Figure 10) and  with  a  linear  lag  network  (Figure 11) in the  acceleration 
feedback  path. 
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Values f o r   t h e  peak  angle of a t tack ,  ~sr, the  peak  engine  deflection 
angle, h, the peak a t t i tude   angle ,  and the end  of t r a n s i e n t   f l i g h t   p a t h  
angle  have  been  read  from  these  figures and a re  summarized i n  Tables I 
and 11 f o r  a  concise  comparison of these  systems. 

From Figures 4 through 11 and Tables I and 11, it can be seen  that :  

Attitude-plus-rate  feedback  alone  produces  the  largest  values  for 
cq and &. 
The addi t ion of uncompensated acceleration  feedback  reduces  the 
values of q and & a t   t h e  expense  of  increased  attitude  deviation 
angle and introduces  a  f lexible body i n s t a b i l i t y  when the  s losh 
and body bending modes are  included. 

The d i g i t a l  polynomial f i l ter  i n  the  acceleration  feedback  path 
s t a b i l i z e s   t h e  system  while  retaining most of t he  advantages  gained 
through  the  addition  of  the  acceleration  feedback. Comparison of 
the   r ig id  body r e s u l t s  with acceleration  feedback shows tha t   the  
d i g i t a l  polynomial f i l t e r  does s l ight ly   reduce  the  effect iveness  
of  the  acceleration  feedback i n  reducing cq. 
The use of a l i n e a r  low-pass f i l t e r  i n  the  acceleration  feedback 
path  provides  stable  system  performance  comparable w i t h  t h a t  
ob ta ined   us ing   the   d ig i ta l   po lynomia l   f i l t e r .  

The s tudies  of the  Vehicle I1 control  system, a s  indicated by 
Figures 10 and 11, revealed the presence  of  a low damped o s c i l l a -  
t ion   p resent  i n  t h e  v i c i n i t y   o f   t h e   f i r s t  bending mode and slosh 
mode frequencies.  The only  linear  compensation which could 
el iminate  t h i s  o s c i l l a t i o n  would be a dipole   precisely  posi t ioned 
among the  s losh modes and f i r s t  bending mode. The requirement 
for   accurate  knowledge of  these modes  makes t h i s  solution  imprac- 
t i c a l  and i n f e r s   t h a t  a  slowly damped  mode of   this   type i s  inherent 
i n  any l i n e a r  compensation  of  study  Vehicle 11. If t h i s  i s  
unacceptable, i t  may be necessary  to modify the  s losh mode frequen- 
c i e s   o r  damping to   fu r the r   s epa ra t e  them from the  f i r s t  bending mode. 

Conclusions  Regarding  the  Digital  Polynomial  Filter 

From the  resul ts   presented  here  and  from t h e  addi t iona l  results summarized 
i n  Reference 1, it was concluded  that either d i g i t a l l y   o r   l i n e a r l y  filtered 
acceleration  feedback i s  e f f e c t i v e  i n  providing  satisfactory  launch  vehicle 
performance i n  t he  presence  of  windshear. Use of the   d ig i t a l   po lynomia l   f i l t e r  
may be r ead i ly  implemented i f  the   con t ro l   sys t em  i s   a l r eady   d ig i t a l  i n  nature.  
The system  using  the  digital   polynomial f i l ter  i s  s l i g h t l y  more s e n s i t i v e   t o  
var ia t ions  i n  t he  bending  frequencies  than  the  linear  low-pass f i l ter .  On the 
other  hand, of the  systems  studied here, the  d i g i t a l  polynomial f i l t e r  shows 
somewhat be t t e r   l oad   r e l i e f   cha rac t e r i s t i c s .  
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Table I Summary of Response  Characteristics  for Study Vehicle I 
Passing Through a Synthetic Wind Profile 

Rigid  body  on ly  

ing  and  slosh  modes 

3 R i g i d  body only 

4  Rigid  body  plus  bend- 
ing  and  slosh  modes 

5 Rig id   body  on ly  

~ 

6 Rigid  body  plus  bend- 
ing  and slosh modes 

At t i tude   and 
a t t i tude   ra te  

a t t i tude   ra te  
feedback 

rate  and  accelera- 
t ion  feedback 

rate  and  occelera-  

Case 3 w i t h  

f i l ter   in   the  accel -  
erat ion  feedbock " 

dig i ta l   po lynomia l  
f i l te r   in   the   acce l -  
erat ion  feedbock 

Peak F l i g h t   P a t h  I Peak 
Engine  Response 

Attitude De f lec t i on  

Angle, 0, 

(Degrees) 
(Degrees) 

F igure No. 
Transient  hie, +T, Angle, BR 

Shown  in 
at End O f  

(Degrees) ( t  = 35 Sec .) 

System  unstable ot f irst  body  bending  mode 

4.3 

3.9 

Table I I  Summary of Response  Characteristics  for  Study Vehicle II 
Passing Through a Synthetic Wind Profile 

Angle  of  
Contro l   At tack,  

(Degrees) 

1 Rigid  body  plus  bend 
ing  and  slosh  modes 

2 Rigid  body  plus  bend- 
ing  ond  s losh  modes 

At t i tude,   a t t i tude 
rate  and  accelera- 
t ion  feedback  wi th  
d ig i ta l   po lynomia l  

rate,  and  accelero- 
t ion  feedback  wi th  
l inear  law  pass 
f i l t e r  

Peak 
Engine 

Def lect   ion 

Ing le ,  BR, 
(Degrees) 

2 .6  

2.6 

T 

F l igh t   Pa th  
Peak 

A t t i t ude  
Angle, 0, Response 
a t   E n d  of  Shown in  

Angle, $ T I  Transient   F igure No. 

(Degrees) 
(Degrees)  (t = 35 Sec.) 

-8.6 -11.2 10 
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Improving  the  damping of the  first  bending  and  slosh  modes of study 
Vehicle I1  by means of linear  compensation  appears  impractical;  other 
approaches  should  be  investigated. 

It was  found  that  the  selection of the  various  filter  parameter  values 
was  not  critical  whether  the  filter is digital  or  a  linear  network,  but  the 
time  constant of the  linear  filter or the  fitting  interval of the  polynomial 
filter  must  exceed  about  eight  seconds  for  Vehicle II. The insensitivity  to 
variations of the  several  control  system  parameters  such  as  gains  and  com- 
pensation  pole-zero  locations  is  quite  good.  The  performance  is also suffi- 
ciently  insensitive to variations  in  aerodynamic  coefficients. The Vehicle I1 
control  system  is  fairly  sensitive to bending  frequency  variations  with  a 
tolerance of less  than - + 104 to  maintain  stability. 

THE DIGITAL ADAPTIVE FILTER 

A considerable  portion of the  Reference 1 studies  was  devoted to 
establishing  the  limitations of the  digital  adaptive  filter  by  applying 
this  control  technique  to  study  Vehicles I and 11. Because  the  first  bending 
mode  and  fie1  slosh  modes  of  these  study  vehicles  are  at  such low frequencies, 
linear  compensation  techniques  are  limited  to  providing  relatively slow 
response  characteristics  for  large  launch  vehicles. The digital  adaptive 
filter,  however,  is  designed  to  separate  a  well-damped  sinusoidal  oscillation, 
such  as  the  rigid  body  response  to a step  input,  from a mixture of other 
signals  which  contain  lightly  damped  oscillations  near  the  rigid  body  frequency. 
After  the  application of  a  step  command,  the  control  loop  is  effectively 
closed  for  the  rigid  body  signal  but is essentially  open  for  the  elastic  and 
slosh  modes.  This  characteristic  permits  the  digital  adaptive  filter  to  pro- 
duce  fast  responses  to  step  input  commands. 

Description of the  Digital  Adaptive  Filter 

The digital  adaptive  filter  employs  en  on-board  digital  computer.  The 
filter  acts  on  an  immediate  past  section of length T of  the  signal  c(t) 
stored  in  the  computer  memory  in  a  sampled  form. This  signal  is  compared  with 
a  damped  sinusoidal  signal (A r-CYtcos  Bt + B €'&sin at) of fixed  frequency 
6 and  damping a, and  the  amplitude  parameters A and B (or  amplitude  and  phase) 
are  estimated  under  the  criterion, 

T 
A,B s [c(t)-Ac-Oltcos  Bt-Bs"sin !%I2 dt 

0 

That is, A and B are  calculated  to  produce  minimum  mean  square  deviation 
between  the  measured  signal  and  the  damped  sinusoidal  component. 



It is assumed t h a t  a and f3 are known f a i r l y   a c c u r a t e l y .  It can be 
demonstrated  that good estimates r e s u l t  for the  A and B parameters  provided 
t h a t  a and 13 are   wi th in  10-20$ of the i r   ac tua l   va lues ,   t ha t  a i 8  r e l a t i v e l y  
la rge ,   and   tha t   the   remain ing   s igna l   d i f fe rs   wide ly  from the  damped s inus-  
o i d a l  component of i n t e r e s t   i n  damping or in   f requency  but   not   necessar i ly  
in   both.  

The basic  working  equations for t he   d ig i t a l   adap t ive  f i l ter  as   appl ied 
to   s tudy  Vehicles  I and I1 were es tab l i shed   ear l ie r   in   Reference  3 .  The 
present   s tudy   revea led   tha t  the  d ig i t a l   adap t ive  f i l ter  i s  h igh ly   e f f ec t ive  
i n  s tab i l iz ing   the   bending  and slosh modes. In the   quiescent  state, however, 
when there is  no cont ro l   s igna l  and no output of  t h e   d i g i t a l   a d a p t i v e  f i l ter ,  
t h e   r i g i d  body loop i s  also open, permit t ing  the  basic   aerodynamic  instabi l i ty  
t o   p r e v a i l .  For this   reason,  it i s  necessary t o  cont ro l   the   vehic le   in   the  
quiescent mode by a linear  "secondary" f i l t e r  which provides   s tab i l i ty ,  
although it  may not  give  suitable  performance in other   respects .  The d i g i t a l  
adaptive f i l ter  i s  then  used t o  provide  performance  only  during  transient 
conditions a f t e r  a s t e p  command. The curve f i t t i n g   p r o c e s s  used  by t h e   d i g i t a l  
adaptive f i l t e r  i s  n o t   f u l l y   e f f e c t i v e   u n t i l  a f te r  t h e  f i r s t  quar te r  of a r i g i d  
body cyc le .   For   th i s   reason ,  a second  order  compensation  network i s  used i n  
the  forward  loop  to  help  shape  the  bending mode response  during  this   per iod.  

The bas ic  mode of operation i s  as   fol lows:  

( a )   I n  the quiescent state, the  vehicle  i s  under  the  control  of  the 
secondary f i l ter  loop which provides a stable but  slowly  respond- 
ing  system. 

( b )  The command s igna l  i s  continually  monitored  for  steps  or  discon- 
t i n u i t i e s .  When a d iscont inui ty  i s  detected,   control  by the 
d ig i t a l   adap t ive  f i l t e r  commences, with  the f i l t e r  memory length 
gradually  increasing. 

( c )  After a f ixed  time in te rva l ,   vehic le   cont ro l  i s  r e tu rned   t o   t he  
secondary f i l ter  s ince   t he   d ig i t a l   adap t ive  f i l ter  output   s ignal  
is near ly   zero  a t  the  end  of  the  response  transient.  

A block  diagram  of   the  digi ta l   adapt ive f i l t e r ,  as   appl ied   to   s tudy  
Vehicle I, i s  shown in  Figure 12. The input   to   ampl i f ie r  KA i s  t h e   p o i n t   a t  
which control   of   the   vehicle  i s  switched  between  the  secondary f i l ter  and the 
d ig i t a l   adap t ive  f i l ter .  It should also be noted  that  t he  feed-forward  net- 
work of rs/(-rs+l) and the forward  loop  network (l+~s)/(l+O.O25s) in   the  
d ig i t a l   adap t ive  f i l ter  c i r c u i t  combine to  provide  the  equivalent  of a rate 
feedback  control  system. This configuration was chosen  since it provides 
the   d ig i ta l   adapt ive  f i l t e r  with a b e t t e r   s i g n a l  form t o  fit, and it elimi- 
nates   the  larger   ampli tude component of  the  bending  and  slosh modes contained 
in the rate feedback. 
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Simulation Test Results 

The response  &study  Vehicle I under   the  control  of t h e   d i g i t a l   a d a p t i v e  
f i l t e r  was obtained  using  the  hybrid  simulation.  Typical results for the  lift- 
o f f   f l i gh t   cond i t ion  are shown i n  Figure 13. For a one  degree  s tep  a t t i tude 
command, the  time t o  peak  response i s  3 .2  seconds  and  the  overshoot i s  h e l d   t o  
0.2 degree. I n  t h i s   p a r t i c u l a r  test, t he   d ig i t a l   adap t ive  f i l t e r  was allowed 
t o  remain in   control   throughout   the time period shown. It can  be  seen  in  this 
ca se   t ha t  after approximately 20 seconds, the output  of  the f i l ter  fades out 
and the unstable airframe begins t o  d ive rge ;   p r io r   t o   t h i s  time, then,  the 
slower  responding  but  stable  secondary f i l ter  should  be  again  put  in  control 
of   the  vehicle .  

To demons t r a t e   t he   f i l t e r ing   cha rac t e r i s t i c  of t h e   d i g i t a l   a d a p t i v e  
f i l t e r ,  the same tes t  was repea ted   wi th   un i ty   ga in   rep lac ing   the   d ig i ta l  
adaptive f i l ter .  The results, which a r e  shown in  Figure 14, i l l u s t r a t e   t h e  
poorly damped system  response  indicative of body-bending  feedback. 

When the   d ig i t a l   adap t ive  f i l t e r  i s  replaced by a uni ty   gain,   the   vehicle  
aerodynamic and bending mode i n s t a b i l i t y  becomes more pronounced a t  t h e  maximum 
q f l igh t   condi t ion ,  as i s  i l l u s t r a t e d  by Figure 15.  The corresponding  response 
when using t h e  d ig i t a l   adap t ive  f i l ter  and  secondary f i l ter  i s  shown i n  
Figure 16. I n   t h i s  combination run, the d ig i t a l   adap t ive  f i l t e r  i s   s t a r t e d  
a t  t = O ,  the  time o f   i n i t i a t ion   o f  the  command s tep   input .  The system i s  under 
the  control   of  t he  d ig i t a l   adap t ive  f i l ter  u n t i l  3.2 seconds, a t  which time 
the  secondary f i l ter  takes   control .   This  example  demonstrates  the f a s t  
response and e l a s t i c   s t a b i l i t y   a c h i e v a b l e  w i t h  t h e  d ig i t a l   adap t ive  f i l t e r ,  
while  long  range  r igid body s t a b i l i t y  i s  provided by the  secondary f i l t e r .  

Conclusions  Regarding the  Digi ta l   Adapt ive  Fi l ter  

The d ig i t a l   adap t ive  f i l t e r  i s  a means f o r  improving the  t r ans i en t  
response   to   s tep  command inpu t s   t o  a large  launch  vehicle   typif ied by study 
Vehicle I. R e s u l t s   a t   b o t h   l i f t o f f  and maximum dynamic pressure show 
response  times of less   than 3.2 seconds  with  acceptable  overshoot  character- 
i s t i c s .  The f i l t e r  was found t o  be qui te   insens i t ive   to   parameter   var ia t ions  
i n  t h e   f i l t e r i n g   r o u t i n e ,  i n  the  compensating  circuits,   or i n  the  airframe 
i t s e l f .  

The d i g i t a l  f i l t e r  i s  not  designed  to  reduce  excessive  stress  or  excessive 
engine  def lect ions w h i l e  the missile is  passing  through a severe wind p ro f i l e .  
For these purposes,  the  remedies  are  best  achieved  through  the  application  of 
f i l tered  accelerat ion  or   angle-of-at tack  feedback as discussed in the  preceding 
sec t ion   of   th i s   repor t .  The d ig i t a l   adap t ive  f i l t e r  i s  most responsive  to 
s tep   input  commands and  would thus  require   resolut ion of command inputs   in to  a 
series of s teps .   Studies   required to  e s t ab l i sh   t he  limits on the   s t ep  s i z e  
necessary for discr iminat ion from noise  and t o   e v a l u a t e   t h e   e f f e c t  on payload 
performance were judged  by the  MSFC sponsors of th i s   s tudy  and  by McDonnell 
t o  have a low probabili ty  of  demonstrating the a p p l i c a b i l i t y  of t h e   d i g i t a l  
adaptive f i l t e r  to   l a rge   l aunch   vehic les .  As a consequence, e f f o r t  was d iver t -  
ed to  the  study of the  digi ta l   polynomial  f i l t e r .  
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2. Body  bending  and  fuel  slosh,  in 
3. Damping  parameter, a = 2.0 
4. Frequency  parameter, /3 = 3.0 
5. Secondary  filter  switched  in  at 3.2 seconds 
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It should be mentioned f i n a l l y  tha t  these studies  do  not  include an 
inves t iga t ion  of the  burnout   f l ight   condi t ion  for   Vehicle  I which presents 
t h e  a d d i t i o n a l   d i f f i c u l t y  of having  the f i r s t  bending mode uns tab le   in   the  
open loop  due to   c ross   coupl ing   wi th   the   s losh  modes. (This open loop 
bending  instabi l i ty  was a l so   p resent   in   Vehic le  I1 a t  the  maximum q and  burn- 
out  flight condi t ions.)  The d ig i t a l   adap t ive  f i l t e r  e f f e c t i v e l y  opens up 
the  loop  for  the  bending modes, and i f  they are s t a b l e  on an  open  loop basis, 
they w i l l  ring  harmlessly  even  though their damping may be small. If, however, 
the  bending modes are unstable  open  loop, the amplitude of t h e   o s c i l l a t i o n  
w i l l  bui ld  up. Even so, t he  d ig i t a l   adap t ive  f i l ter  curve   f i t t ing   p rocess  
can s t i l l  operate   effect ively  provided  that  the s t a b i l i t y  compensation  net- 
work keeps the bending mode response from diverging t o  too   la rge  an amplitude 
before   control  i s  switched to   the  secondary f i l t e r .  The presence of an open 
loop   i n s t ab i l i t y   o f   t he  body bending modes precludes the  use  of   per iodic  
r e s t a r t i ng   o f   t he   d ig i t a l   adap t ive  filter suggested i n  Reference 3 and places  
a l a rge r  burden on the  design  of the  secondary f i l t e r .  Another  apprcach 
suggested by these   s tud ies  i s  the  use  of t he  res idua l   e r ror   s igna l ,   the  
d i f fe rence  between the   e r ro r   s igna l  and t h e  d i g i t a l  f i l ter  output   s ignal ,  
fo r  damping of  the  bending modes through an appropriate  network. Th i s  type 
of  control, however, was not  developed  because  of t h e  s h i f t  o f   i n t e r e s t   i n  
the  program  from the   d ig i ta l   adapt ive  f i l t e r  t o  the  d i g i t a l  polynomial f i l t e r .  

SPECIFICATION SGT TYPE COMPENSATION 

When an engineer  synthesizes a control  system, he s t a r t s  w i t h  a know- 
ledge  or  assumption  of t he  t ransfer   funct ion and a set of performance 
spec i f ica t ions   a f fec t ing  the  accuracy  (error  constants),  damping  (damping 
r a t e s ,  peak  overshoot, h e i g h t  of  response  peak,  etc. ), speed  (peak time, 
r i s e  time, resonant  frequency),   f i l tering  abil i ty  (bandwidth),   etc. ,  
required i n  the  application  of t h i s  control  system. On an e l a s t i c   boos t e r ,  
some very  important components of these spec i f ica t ions   a re  t h e  e x t e n t   t o  
which t h e  bending modes a re   exc i ted  i n  a t rans ien t ,   the  damping of these 
modes, and the s t resses   c rea ted  i n  t h e  airframe. 

The engineer t h e n  proceeds  conventionally by cut-and-try  techniques 
(root   locus,   Nyquist ,   e tc . )   to   select   poles  and zeros  in  the  compensating 
t ransfer   fbnct ion which w i l l  keep the  system  performance  within  the  set of 
prescr ibed  specif icat ions.  Aside from the  cut-and-try  approach, t h i s  tech- 
nique has much t o  recommend it. The specif icat ions  included  in  the  set can 
be ta i lored  to   the  actual   needs  and aims of the  control  system so tha t   they  
can  be t r u l y   r e a l i s t i c  and representative  measures  of  the  vehicle  performance. 
These  specifications can be chosen t o  emphasize the par t icular   aspects   of  t h e  
performance tha t  are of   actual   concern  in   the  par t icular   design.  This method 
gives  not  only realism b u t   a l s o   f l e x i b i l i t y ,   s i n c e  none of   the   spec i f ica t ions  
i s  r equ i r ed   t o  be  included  or  excluded.  Decision on the   se lec t ion  of t h e  
specifications  to  be  used  depends  exclusively on the need. The d i f f i c u l t y  
w i t h  the  prac t ica l   appl ica t ion   of  much of modern, optimal,   control  theory i s  
t h a t   t h e   c r i t e r i a  which  can be handled  mathematically  in the  solut ion i s  too  
r e s t r i c t i v e  i n  na ture   to   def ine  and to  inco rpora t e   t he   r ea l i s t i c   a spec t s   o f  
good performance  meaningfully. 



One d i f f i cu l ty   w i th   t he   spec i f i ca t ion  set  type l inear   des ign  i s  the  
l a rge  amount of i n t u i t i o n  which  goes into  the  cut-and-try  type  design.  This 
f ac t   r equ i r e s  a s k i l l e d  human operator.  Consequently, it i s  not   appl icable  
where the  design or redesign must be done continuously as i n  an  on-board 
adapt ive   cont ro l   for  a booster.  To  make the  process  applicable t o  t h i s  
s i tuat ion, .  it must f i rs t  be  mechanized.  This  mechanization was shown t o  be 
possible  in  Reference 4. The spec i f ica t ion  must be expressed  mathematically 
i n  terms of  the  system  pole and zero  locat ions.  A set of  nonlinear  equations 
are obtained which  must  be solved  simultaneously. A solution  can be accom- 
p l i shed   in  an adap t ive   s i t ua t ion   qu i t e   e f f i c i en t ly  by the  use  of an i t e r a t i v e  
l inearization  technique  such as the Newton-Raphson method. The successive 
parameter  corrections are l i k e l y   t o  be q u i t e  small (usual ly  less than 10%) so 
search  techniques  based on l oca l   l i nea r i za t ion  would be e f f i c i e n t .  For t h i s  
technique  to  be  successful,  it i s  essent ia l   to   f ind   mathemat ica l   descr ip t ions  
for   the  var ious items i n  the spec i f ica t ion  set which are  reasonably manageable 
in   the   i t e ra t ion   p rocess .  The de ta i l s   o f   t he   spec i f i ca t ion  set procedure 
a r e  summarized i n  Reference 1. 

As presented here, the  design i s  f o r  the equal i ty   type of spec i f ica t ion ,  
while most of the  specif icat ions  used  current ly   are   of   the   inequal i ty   type;  
for  instance,   overshoot less than some f ixed number, m. It i s  d e f i n i t e l y  
poss ib le   to   ex tend   the   spec i f ica t ion   se t  work to   include  the  inequal i ty   type 
spec i f i ca t ions ,   bu t   t h i s  w i l l  require  additional  development  of  the  technique. 

A l imi ted  amount of  experimental  documentation  of  the  specification 
s e t  parameter  adjustment  technique  has  been  carried  out i n  the form of two 
examples,  one of which i s  presented i n  this   abstract   of   Reference 1. The 
examples incorporate  simulated  trajectory  runs in the   sense   tha t  the  aero- 
dynamic der iva t ives ,   o r  more d i rec t ly ,   the  poles and zeros  of  the  airframe 
t ransfer   func t ion   a re   var ied  i n  the manner they would vary on a typ ica l  
sect ion  of   the  t ra jectory.  The airframe  transfer  function  used i s  typ ica l  
of   the   r ig id  body of   large  unstable   boosters .  The spec i f ica t ion  set incor- 
porates   the  veloci ty   error   constant ,  Kv, peak  overshoot, m, a t   t h e  predomi- 
nant  frequency  with a s tep   input ,  and the  peak time, T , the time i n t e r v a l  
needed to  reach  the  peak  overshoot  following a s t e p  output.  

It must be  emphasized that  the  purpose of these examples i s  s o l e l y   t o  
i l l u s t r a t e   t h e  mechanics  and  the  effectiveness  of  the  parameter  adjustment 
techniques. The select ion  of   the  par t icular   a i r f rame  t ransfer   funct ion i s  
incidental .   There i s  no implication tha t  the   par t icu lar   se lec t ion   of   the  
s e t  of three  performance  cr i ter ia  or the   par t icu lar  set  of three adjustable  
parameters i s  optimum i n  any  sense  or  that it i s  even des i rab le .  

Both examples use  the  loop  gain and the  ra te   feedback  gain  (or   ra te  
feedback  zero  location)  for two of  the  variable  parameters.  However, 
Example I, which i s  presented  here,  uses a variable  forward  loop  pole  for 
compensation and Example 11, which i s  presented i n  Reference 1, uses a 
variable  forward  loop  zero  for  compensation. 
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Example I - A list of the  assumptions  used  for  Example I are: 

(1) Poles  and  zeros of the  airframe  transfer  function: 

pole: p1 = 0. This  pole  is  fixed. 

pole: p2 and p varying  as shown in  Figure  17a.  Note  that p2 is 
in the  r 4 ght  half  plane  denoting  an  unstable  airframe. 

zero: 2 1  varying  as  shown  in  Figure  l7a. 

Number  of  plant  poles : n = 3(p1, p2,  p3) 

Number of plant  zeros: k = 2([1, z 1 )  

Number  of  compensating  poles : J = 1 (m ) 
Number  of  compensating  zeros: I = 0 

Number  of  feedback  zeros: K = 1 (51) 

Number of feedback  poles: L = 0 

(2) Specification  Set: 

Velocity  error  constant: Kv 2 10 

Peak  overshoot  at  the  predominant  frequency: m 10% 

Time to reach  peak  overshoot: Tp 5 2 seconds 

Total  number  of  specifications: Q = 3 

(3 ) Variable  Parameters : 

Loop  grin, B 

Rate  feedback  gain, l/tl 

Forward  loop  compensating  pole  or  equivalent  time  constant, nl 

Number of parameters, J + I + L + K + 1 = 3 since L = I = 0, and 
J = K = l  

Total  number of equations, n + 2L + J + K + I + 1 = 6 



a)  Var iat ion  wi th  f l ight   t ime of airframe  parameters 
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Figure 17 Illustration of Specification Set Parameter Adjustment 

Process Used in Example 1 



The results o f  the  parameter  adjustment  are  shown  in  Figure 17b. Adjust- 
ments  were  made  every  ten  seconds  along  the  trajectory  starting  with  the 
previous  parameter  values.  The  iteration  was  carried to very  satisfactory 
accuracy  (error  at  the 10'2 - 10-3 level)  in  not  more  than  two  steps.  One 
step  required  less  than 0.2 second  with  a  computer  program  which  is not 
optimized  for  running  time.  Optimizing  the  running  time  should  cut  this  time 
to  a  fraction of the  present  value. 

It can  be  seen,  therefore,  that  computation of the  gain  and  compensation 
necessary  to  meet  quantitatively  specified  performance  requirements  can  be 
rapdily  accomplished. In fact, in view  of  the  rate of change of the  airframe 
variables,  the  specified  performance  characteristics  can  be  considered  to  be 
met on a  near-continuous  basis. Of course,  to  implement  the  specification  set 
in  an  on-board  system  the  vehicle  airframe  parameters must be  continuously 
identified. A possible  technique  for  accomplishing  this  is  presented in 
Reference 5. 
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